Arsenic (As) is a human carcinogen. Our prior work showed that chronic (>18 weeks) low level (500 nM) arsenite (As 3؉ ) exposure induced malignant transformation in a rat liver epithelial cell line (TRL 1215). In these cells, metallothionein (MT) is hyper-expressible, a trait often linked to metal tolerance. Thus, this study examined whether the adverse effects of arsenicals and other metals were altered in these chronic arsenite-exposed (CAsE) cells. CAsE cells, which had been continuously exposed to 500 nM arsenite for 18 to 20 weeks, and control cells, were exposed to As 3؉ , arsenate (As 5؉ ), dimethylarsinic acid (DMA), monomethylarsonic acid (MMA), antimony (Sb 3؉ ), cadmium (Cd 2؉ ), cisplatin (cis-Pt), and nickel (Ni 2؉ ) for 24 h and cell viability was determined by metabolic integrity. The lethal concentration for 50% of exposed cells (LC 50 ) for As 3؉ was 140 M in CAsE cells as compared to 26 M in control cells, a 5.4-fold increase in tolerance. CAsE cells were also very tolerant to the acute toxic effects of As 5؉ (LC 50 > 4000 M) compared to control (LC 50 ‫؍‬ 180 M). The LC 50 for DMA was 4.4-fold higher in CAsE cells than in control cells, but the LC 50 for MMA was unchanged. There was a modest cross-tolerance to Sb 3؉ , Cd 2؉ , and cis-Pt in CAsE cells (LC 50 1.5-2.0-fold higher) as compared to control. CAsE cells were very tolerant to Ni 2؉ (LC 50 > 8-fold higher). Culturing CAsE cells in As 3؉ -free medium for 5 weeks did not alter As 3؉ tolerance, implicating an irreversible phenotypic change. Cellular accumulation of As was 87% less in CAsE cells than control and the accumulated As was more readily eliminated. Although accumulating much less As, a greater portion was converted to DMA in CAsE cells. Altered glutathione (GSH) levels were not linked with As tolerance. A maximal induction of MT by Zn produced only a 2.5-fold increase in tolerance to As 3؉ in control cells. Cell lines derived from MT normal mice (MT؉/؉) were only slightly more resistant (1.6-fold) to As 3؉ than cells from MT null mice (MT؊/؊). These results show that CAsE cells acquire tolerance to As 3؉ , As 5؉ , and DMA. It appears that this self-tolerance is based primarily on reduced cellular disposition of the metalloid and is not accounted for by changes in GSH or MT.
Arsenic (As) is a common environmental toxicant and a known human carcinogen (IARC, 1987; NRC, 1999) . A primary concern for chronic exposure of human populations to As is its carcinogenic potential. Exposure to As can also have profound adverse effects on the skin and peripheral vascular system (NRC, 1999) . Organisms show a wide range of sensitivity to the toxic effects of As and tolerance to As toxicity can be acquired (Lee et al., 1989a (Lee et al., ,b, 1994 Ovelgonne et al., 1995; Vahter, 1983; Wang et al., 1996) . Development of tolerance to As toxicity in humans may occur after chronic exposure, given the anecdotal reports of farmers in the Austrian Alps in the 19th century who consumed large amounts of As daily, amounts which could have been as large as 3-4 times the normally lethal dose (Vahter, 1983) . Although As is a known human carcinogen, it also has anti-tumorigenic properties. In fact, As trioxide has recently been used with remarkable success in the treatment of acute promyelocytic leukemia (Look, 1998) , and there is justifiable excitement about its chemotherapeutic potential. Therefore, understanding the mechanisms of As tolerance may not only aid in understanding its carcinogenic properties but could also have implications for its use in cancer chemotherapy.
Classified as a metalloid, As is thought to be directly toxic through its interaction with sulfhydryl groups in proteins (Aposhian, 1989; Sunderman, 1979) . By direct binding to enzymes and other proteins, this metalloid is thought to perturb their function. It is also possible that As may be indirectly toxic through either the generation of reactive oxygen species (Chen et al., 1998) or through the disruption of cellular methylation reactions (Zhao et al., 1997) . In biological systems, inorganic As exists as either arsenate (As 5ϩ ) or arsenite (As 3ϩ ) (Aposhian, 1989) . Inorganic As is metabolized in many cells, via enzymatic methylation, to monomethylarsonic (MMA) and dimethylarsinic acids (DMA) (Abernathy et al., 1999; Styblo et al., 1995; Zakharyan et al., 1995) . Generally speaking, methylated arsenicals are far less reactive than the inorganic forms of As, a fact which may account for their being far less acutely toxic in biological systems. Also, methylated arsenicals are more readily eliminated via the urine. For these reasons, meth-ylation of inorganic arsenic is often thought to be a mechanism by which arsenic is detoxicated, although such a role is not entirely clear. For instance, there is now evidence that DMA may act as a DNA-damaging agent (Yamanaka et al., 1991) and can act to promote (Yamamoto et al., 1995) or cause tumors (Li et al., 1998) . Methylation of arsenic also consumes glutathione (GSH) and S-adenosyl-methionine (SAM) (Styblo et al., 1995; Zakharyan et al., 1995) and therefore, As toxicity may partially result from the depletion of the cellular pools of either GSH or SAM (Shimizu et al., 1998; Zhao et al., 1997) .
Several groups have shown that arsenic tolerance can develop in mammalian cells with a variety of treatment protocols (Lee et al., 1989a (Lee et al., ,b, 1994 Ovelgonne et al., 1995) . However, these treatment protocols generally rely on harsh selection of tolerant cells by acute exposure to high levels of As or by exposure to progressively increasing levels of As (Lee et al., 1989a (Lee et al., ,b, 1994 Ovelgonne et al., 1995) . As such, they do not simulate the low, but continuous, exposure that would be more typical of human exposures. In any event, the precise basis of As tolerance is not well defined but may involve both toxicokinetic and toxicodynamic elements (Lee et al., 1989a (Lee et al., ,b, 1994 Ovelgonne et al., 1995; Wang et al., 1996) .
Previous studies in our laboratory showed that rat liver epithelial cells cultured in sub-toxic (125 to 500 nM) concentrations of As 3ϩ for 18 or more weeks become malignantly transformed, producing tumors capable of metastasis upon inoculation into Nude mice (Zhao et al., 1997) . These cells show a hyperexpressibility of metallothionein (MT), an observation that is frequently associated with metal tolerance (Zhao et al., 1997) . MT is a soluble protein containing a very high portion of cysteinyl sulfhydryl residues. MT appears to function in the cellular defense against toxicity induced by many metals (Cherian, 1995) and, in some cases, can also act as a free-radical scavenger (Lazo et al., 1995; Sato and Bremner, 1993) . Arsenic can enhance the expression of the MT gene, at least in vivo (Albores et al., 1992) . Exposure to zinc, an effective inducer of MT synthesis (Cherian, 1995) , prevents As toxicity in some instances (Kreppel et al., 1994) . On the other hand, the activation of the MT gene prior to As 3ϩ exposure in vitro appears to have little impact on the overt cytotoxicity or the molecular toxicity of the metalloid (Shimizu et al., 1998) . Although the role of MT in preventing the toxic effect of many inorganics is clear, the role of MT in As tolerance is poorly defined.
The purpose of this study was to determine if adverse effects of acute exposure to inorganics were altered in cells that had been exposed to chronic, low levels of As 3ϩ (Zhao et al., 1997) , a treatment protocol that more closely simulates As exposure in humans. Specifically, studies were designed to determine if these chronic arsenite-exposed (CAsE) cells developed tolerance to the toxicity of arsenicals, and perhaps cross tolerance to other metals. Additional study was directed at defining the mechanisms, including altered disposition and enhanced cellular GSH or MT, by which these cells developed any such tolerance. Cell lines. The main cell line used in these studies (TRL 1215) was originally derived from the liver of 10-day-old Fischer F344 rats (Idoine et al., 1976) . These cells are diploid and normally nontumorigenic. The cells were cultured as previously described (Zhao et al., 1997) . In all cases, cells, which had been grown in the continuous presence of 500 nM As 3ϩ for 18 to 20 weeks (chronic arsenite exposed; CAsE), were compared to passage-matched control TRL 1215 cells.
MATERIALS AND METHODS

Chemicals
In some studies, a cell line created from embryonic cells of transgenic mice with a targeted disruption of metallothionein I and II genes (MTϪ/Ϫ), along with the corresponding control cells (MTϩ/ϩ) from normal mice, were graciously supplied by Dr. John Lazo, University of Pittsburgh, and were cultured as described previously (Lazo et al., 1995) .
Determination of metabolic integrity.
A Promega Non-Radioactive Cell Proliferation Assay kit was used to determine acute cytotoxicity as defined by metabolic integrity. The assay measures the amount of formazan produced by metabolic conversion of Owen's reagent [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt, MTS] by dehydrogenase enzymes found in the mitochondria of metabolically active cells. The quantity of formazan product, as measured by absorbance at 490 nm, is directly proportional to the number of living cells. A minimum of 4 replicates of 10,000 cells per well were plated in 96-well plates and allowed to adhere to the plate for 24 h, at which time the medium was removed and replaced with medium containing the test compounds (As 3ϩ , As 5ϩ , MMA, DMA, Cd 2ϩ , Ni 2ϩ , cis-Pt, Zn 2ϩ , Sb 3ϩ ). Cells were then incubated for an additional 24 h, and toxicity was determined. CAsE cells were compared to time-matched controls in all cases. Data are expressed as metabolic integrity, using control as 100%.
Stability and acquisition time for arsenic tolerance. To define the stability of acquired tolerance in CAsE cells, these cells were passaged in As 3ϩ -free medium for 5 weeks and then LC 50 after As 3ϩ was determined. In a separate series of experiments, control cells were continuously exposed to 500 nM As 3ϩ for 5 weeks and then the LC 50 after 24 h of As 3ϩ exposure was determined, to help define the onset of acquired As tolerance.
Arsenite accumulation and efflux. Control and CAsE cells were grown to 50% confluence in control medium. At that time the medium was removed and replaced with either fresh control medium or medium containing 10 M As 3ϩ . Twenty-four hours later cells were harvested, counted, and the pellets digested in 50% perchloric:nitric acid, 2:1, overnight. These digests were used for determination of the amount of total As that accumulated after 24 h of exposure. Total As, which would include inorganic and organic forms, was determined using graphite furnace atomic absorption spectroscopy. Replicate sets of cells were washed with PBS at this time and allowed to incubate an additional 24 h in As-free medium in order to measure the amount of As efflux during this period. Triplicate determinations were used for each data point.
Determination of the ability of CAsE and control cells to metabolize arsenic. CAsE cells, which had been grown in the continuous presence of 500 nM As 3ϩ for 18 to 20 weeks, and control cells were treated with 500 nM of As 3ϩ for 72 h. Cells were counted and then digested with 5 ml of 2 M HCl for 5 h at 80°C for analysis of arsenic metabolites. The digested samples were assayed using a method based on the generation of volatile arsine species: chromatographic separation and detection by hydride generation, coupled with atomic absorption spectroscopy (Crecelius et al., 1986) . Depending on the boiling points, inorganic, methyl, and dimethyl arsenicals are reduced to their corresponding arsines at a pH of 1 to 2 (Crecelius et al., 1986) . This method allows for the quantitation of total inorganic As (As 3ϩ and As 5ϩ ), total MMA (MMA 3ϩ and MMA 5ϩ ) and total DMA (DMA 3ϩ and DMA 5ϩ ). Triplicate measurements were made for each sample.
Determination of intracellular glutathione (GSH).
Untreated tolerant and control TRL 1215 cells were harvested, counted, and the cell pellets frozen. The level of intracellular GSH was determined in triplicate cell pellets using a fluorometric method (Hissin and Hilif, 1976) . Values were normalized to cell number.
Studies defining the role of metallothionein (MT) in As tolerance. Several studies were designed to help define the role of MT in acquired or native tolerance to As. Control TRL 1215 cells were grown to 50% confluence in control medium and the medium then was removed and replaced with medium containing from 0 to 175 M Zn 2ϩ . Metabolic integrity was measured in Zn 2ϩ -treated control cells to define maximal induction of MT in the absence of significant toxicity, which occurred at 150 M. After 24 h of exposure to non-toxic levels of Zn 2ϩ , cells were harvested by trypsinization, counted, and ruptured by sonication. MT protein levels were then estimated using the Cd saturation assay (Eaton et al., 1982) with Cd analyzed by atomic absorption in the graphite-furnace mode. Values are normalized to cell number.
Additional studies on the role of MT in As tolerance used the MTϪ/Ϫ (null for MT I and MT II) and the corresponding control (MTϩ/ϩ) cell lines (Lazo et al., 1995) . Cells were cultured in the presence and absence of various levels of As 3ϩ for 24 h and metabolic integrity was assessed.
Statistics. In all cases, a p value of Յ 0.05 was considered to represent a significant difference. All data represent the mean Ϯ SEM of 3 or more replications. Student's t-test was used to analyze differences between CAsE and control cells for cytotoxicity (after derivation of the mean LC 50 ), As accumulation, and As metabolism data. The mean LC 50 was determined from regression analysis of the linear portion of at least 4 separate metabolic integrity curves.
RESULTS
When TRL 1215 cells were cultured in the presence of 500 nM sodium As 3ϩ for 18 weeks or more, these chronic arsenite exposed (CAsE) cells clearly acquired tolerance to the acute toxic effects of As 3ϩ when compared to control cells (Fig. 1 ). This is reflected as a major shift to the right of the cytotoxicity curve in CAsE cells compared to control. The LC 50 s were determined from analysis of the linear portion of the metabolic integrity curves and compared between CAsE and control cells. The LC 50 for the CAsE cells, which had been chronically exposed to As 3ϩ prior to the acute high dose, was 5.4-fold higher than the LC 50 for As 3ϩ in control cells (Table 1 ). CAsE cells also became very tolerant to the acute toxicity of As 5ϩ (Fig. 2) . In this case the LC 50 for an acute high dose of As 5ϩ in CAsE cells was in excess of 4 mM as compared to a LC 50 of 180 M for As 5ϩ in control cells (Table 1) . Based on these results, the CAsE cells had a LC 50 for As 5ϩ that was 20-fold greater than that in control cells.
Some tolerance to the toxicity of the methylated forms of arsenic occurred in CAsE cells. In general, both methylated forms (MMA and DMA) were much less toxic than the inorganic forms of As. The CAsE cells became tolerant to acute toxicity of DMA (Fig. 3) . DMA is far less toxic to cells than inorganic forms of arsenic, with a LC 50 of 13.9 mM in control cells and 61.2 mM in CAsE cells, a 4.4-fold increase (Table 1) . Somewhat surprisingly, the CAsE cells, although tolerant to As 3ϩ , As 5ϩ , and DMA, did not develop any significant tolerance to MMA (Table 1) . MMA, like DMA, required mM concentrations to generate significant cytotoxicity.
CAsE cells passaged in As 3ϩ -free medium for 5 weeks maintained their tolerant phenotype when exposed to an acute FIG. 1. The acute cytotoxicity of As 3ϩ in control and chronic As 3ϩ -exposed (CAsE) TRL 1215 cells as measured by metabolic integrity. CAsE cells had been exposed to 500 nM As 3ϩ for 18 to 20 weeks and were compared to control TRL 1215 cells grown in As-free medium. The assay of cytotoxicity used measures the amount of formazan produced by metabolic conversion of MTS by dehydrogenase enzymes found in the mitochondria of metabolically active cells. Results are presented as the mean Ϯ SEM, n ϭ 4. Data are expressed as percent of untreated control, which is set at 100%. a Treatment consisted of a 24-h exposure to the various agents, after which cellular integrity was assessed by the MTS assay.
b LC 50 values in M. Given as the mean Ϯ SEM (n ϭ 4 or more) as derived from the concentration response curves in Figures 1, 2 , and 3. CAsE cells had been exposed to 500 nM As 3ϩ for 18 to 20 weeks prior to testing for cytotoxicity and were compared to passage-matched control cells.
c The ratio of values of CAsE/control cells. * Significant difference between control and CAsE cells (p Ͻ 0.05).
high dose of As 3ϩ (Fig. 4) . There was no difference in LC 50 for a 24-h As 3ϩ exposure between CAsE cells that were maintained in As 3ϩ containing medium throughout and those that were passaged in As 3ϩ -free medium for 5 weeks. In contrast, control cells that were passaged in As 3ϩ (500 nM) containing medium for 5 weeks did not become tolerant to acute As 3ϩ toxicity (Fig. 4) . This indicates that longer time intervals of As 3ϩ exposure are required for development of self-tolerance. Additional studies measured the amount of As that accumulated in CAsE cells versus control cells over a 24-h exposure period. The results showed that control cells accumulate approximately 8-fold more arsenic than tolerant cells ( Table 2) . As an indication of efflux, As exposed cells were placed in As 3ϩ -free medium for an additional 24 h. The control cells were able to eliminate only 74% of the total As that had accumulated. In the CAsE cells, 100% of the accumulated arsenic was eliminated during the same period.
Studies were also directed at the determination of the comparative ability of CAsE and control cells to metabolize As (Fig. 5) . CAsE cells and control cells were treated with 500 nM As 3ϩ for 72 h and the levels of DMA generated and As accumulated, as reflected in the cellular content at the end of the test period, were analyzed. Over this exposure period, CAsE cells generated ϳ50% less DMA than control cells. CAsE cells again accumulated much less (ϳ77% less) As   FIG. 2 . The acute cytotoxicity of As 5ϩ in control and chronic As 3ϩ -exposed (CAsE) cells as measured by metabolic integrity. CAsE cells had been exposed to 500 nM As 3ϩ for 18 to 20 weeks and were compared to cells grown in control medium. The assay of cytotoxicity used measures the amount of formazan produced by metabolic conversion of MTS by dehydrogenase enzymes found in the mitochondria of metabolically active cells. Results are presented as the mean Ϯ SEM, n ϭ 4. Data are expressed as percent of untreated control, which is set at 100%.
FIG. 3.
The acute cytotoxicity of DMA in control and chronic As 3ϩ -exposed (CAsE) cells as measured by metabolic integrity. CAsE cells had been exposed to 500 nM As 3ϩ for 18 to 20 weeks and were compared to cells grown in control medium. The assay of cytotoxicity used measures the amount of formazan produced by metabolic conversion of MTS by dehydrogenase enzymes found in the mitochondria of metabolically active cells. Results are presented as the mean Ϯ SEM, n ϭ 4. Data are expressed as percent of untreated control, which is set at 100%.
FIG. 4.
Effects of As withdrawal from chronic As 3ϩ -exposed (CAsE) cells and short-term addition of As to control cells on acute As 3ϩ cytotoxicity, as measured by metabolic integrity. CAsE cells were grown in As 3ϩ -free medium for 5 weeks prior to the determination of acute As 3ϩ cytotoxicity and compared to CAsE cells maintained throughout the experiment in As 3ϩ -containing medium. Control cells were exposed to 500 nM As 3ϩ for 5 weeks prior to the determination of acute As 3ϩ cytotoxicity and compared to cells grown in control medium. The assay of cytotoxicity used measures the amount of formazan produced by metabolic conversion of MTS by dehydrogenase enzymes found in the mitochondria of metabolically active cells. Results are presented as the mean Ϯ SEM, n ϭ 4. Data are expressed as percent of untreated control,which is set at 100%.
(0.385 Ϯ 0.028 ng/million cells) than control cells (1.57 Ϯ 0.051 ng/million cells) over this 72-h period. Considering the fact that CAsE cells accumulated so much less As than control cells, these data may actually implicate a more efficient methylation in CAsE cells. In this regard, when values for DMA are adjusted by the total amount of inorganic As within cells at the end of the 72-h test period, the DMA/As ratio was over 2-fold higher in CAsE than in control cells (Fig. 5) . Based on the magnitude of this increase in DMA/As ratio, the level of DMA generation in CAsE probably results from at least two competing factors. This includes depressed deposition, which would reduce the As available for DMA formation, and enhanced methylation rate, which would increase the relative amounts of DMA formed for a given amount of cellular As. MMA was not detectable in either cell type at the end of the exposure period (not shown).
The levels of intracellular glutathione did not differ between the sensitive control cells and arsenic-tolerant CAsE cells. CAsE cells had 1.22 Ϯ 0.16 g GSH/million cells and control cells had 0.83 Ϯ 0.26 g GSH/million cells. Although the levels tended to be higher in CAsE cells, they were not statistically different.
To help define the role of the metal-binding protein MT in acquired As tolerance, control TRL 1215 cells were cultured in several concentrations of Zn 2ϩ , an efficient inducer of MT expression, in order to determine the concentration that produced a maximal increase in the levels of the MT protein.
When control TRL 1215 cells were cultured in the presence of 150 M Zn 2ϩ for 24 h, an 18.8-fold increase in cellular MT was seen, when compared to control. Higher concentrations of Note. CAsE cells had been exposed to 500 nM As 3ϩ for 18 to 20 weeks prior to testing and were compared to age-matched control cells.
a Determined as total cellular arsenic and given as the mean Ϯ SEM (n ϭ 3) in ng As/million cells as measured at the end of a 24-h exposure period to 10 M As 3ϩ . b Determined as total cellular arsenic and given as the mean Ϯ SEM (n ϭ 3) in ng As/million cells as measured at the end of a 24-h exposure period to 10 M As 3ϩ and a subsequent 24 h in arsenic-free medium. c Based on the amount of arsenic accumulated after the 24-h exposure to 10 M As 3ϩ as 100%. * Significant difference between control and CAsE cells (p Ͻ 0.05).
FIG. 5.
Arsenic methylation in control and chronic As 3ϩ exposed (CAsE) cells. CAsE cells, which had been grown in the continuous presence of 500 nM As 3ϩ for 18 to 20 weeks, and control cells were treated with 500 nM of As 3ϩ for 72 h. Cellular DMA was analyzed after digestion by hydride generation coupled with flame atomic absorption spectroscopy. Results are presented as the mean Ϯ SEM, n ϭ 3. Left: cellular DMA at the end of the 72-h incubation period. Right: ratio of cellular DMA As to total cellular inorganic As at the end of the 72 h incubation period. MMA was not detected in either control or CAsE cells. An asterisk indicates a significant (p Ͻ 0.05) difference between control and CAsE cells.
Zn
2ϩ proved toxic to these cells. When cells with maximally induced MT protein levels were exposed to As 3ϩ , the LC 50 for As 3ϩ increased ϳ2.5-fold in the Zn 2ϩ pretreated cells as compared to cells not pretreated (Fig. 6) . Similar studies were performed with As 5ϩ and DMA. Pretreatment with Zn 2ϩ increased the LC 50 for As 5ϩ 1.6-fold over control. There was, however, no increase in the LC 50 for DMA with Zn 2ϩ pretreatment (not shown). Thus the extent of Zn 2ϩ -induced tolerance to inorganic As (1.6 to 2.5-fold) is much less than that acquired through CAsE (5.4-to Ͼ20-fold) and Zn 2ϩ does not induce tolerance to DMA. A prior study showed that the basal levels of MT in CAsE cells are within 17% of the basal levels in control TRL 1215 cells (Zhao et al., 1997) , indicating that major differences in basal MT do not account for tolerance in CAsE cells.
To further explore the issue of MT in As tolerance, mouse embryonic fibroblasts derived from MT I/II knockout animals (Lazo et al., 1995) were used. These were compared to analogous cells normally producing MT (MTϩ/ϩ) derived in the same fashion (Lazo et al., 1995) . Although cells that express MT normally had a higher LC 50 for As 3ϩ when compared to cells that do not express the protein, the differences were relatively small (LC 50 of 16.3 Ϯ 0.9 M versus 10.2 Ϯ 0.1 M, a 1.6-fold increase in LC 50 ). Similar results were obtained with As 5ϩ , DMA, and MMA (fold increases in LC 50 of 1.6, 1.5, and 1.5, respectively). When compared to the increases in tolerance seen with acquired As tolerance (see Table 1 ), this indicates that MT cannot fully account for As 3ϩ -induced tolerance CAsE cells.
CAsE cells, which were tolerant to arsenicals, were also cross tolerant to the acute toxicity of Sb 3ϩ , Cd 2ϩ , and Ni 2ϩ , and to a lesser degree cis-Pt (Table 3) . Cells tolerant to arsenicals had a LC 50 for Cd 2ϩ 2-fold higher than control cells. The As-resistant cells were also more tolerant to Sb 3ϩ compared to control, as the LC 50 was 1.9-fold higher. CAsE cells had a greater than 8-fold increase in the LC 50 for Ni 2ϩ when compared to control. CAsE cells also had a slight increase (1.5-fold) in the LC 50 for cis-Pt as compared to control.
DISCUSSION
The results of the present study indicate that acquired As tolerance can be induced in mammalian cells through chronic low-level, non-toxic exposure to As 3ϩ , which more properly duplicates human exposure situations. There are several reports in the literature of the induction of As tolerance using protocols where cells are exposed to progressively increasing concentrations of As, or through the use of step-down protocols where cells are at first exposed to a high, toxic dose of As and then subsequently to lower less toxic doses (Lee et al., 1989a (Lee et al., ,b, 1994 Ovelgonne et al., 1995) . These protocols likely select for tolerant cells by killing off sensitive subpopulations from the total cell pool. This is drastically different from human exposure to As, where the most frequent form of exposure is to more constant, less-fluctuating, low levels of As in the environment. Thus, the system used to develop As-induced self tolerance in the present study provides an important model to study both the toxicological and pharmacological aspects of As tolerance and may prove helpful in defining mechanisms in chronic As toxicity. a Treatment consisted of a 24-h exposure to the various agents after which cellular integrity was assessed by the MTS assay.
b LC 50 values in M. Given as the mean Ϯ SEM (n ϭ 4 or more) as derived from the concentration response curves. CAsE cells had been exposed to 500 nM As 3ϩ for 18 to 20 weeks prior to testing for cytotoxicity and were compared to age-matched control cells.
FIG. 6.
Effect of metallothionein on acute As 3ϩ cytotoxicity in control cells as measured by metabolic integrity. Cells were grown in the presence of 150-M zinc for 24 h, which resulted in a maximal (18.8-fold) induction of MT, prior to exposure to As 3ϩ . The assay of cytotoxicity used measures the amount of formazan produced by metabolic conversion of MTS by dehydrogenase enzymes found in the mitochondria of metabolically active cells. Results are presented as the mean Ϯ SEM, n ϭ 4. Data are expressed as percent of untreated control, which is set at 100%.
There are several mechanisms that could explain the acquisition of As tolerance, including both toxicokinetic and toxicodynamic elements. Firstly, a toxicokinetic-based mechanism could involve reduced accumulation of As, possibly including reduced uptake or enhanced efflux of As or some combination of both. In this regard, in As-resistant bacteria, inducible operons have been identified that express energy-dependent pumps that efflux As 3ϩ , As 5ϩ , and Sb (Rosen et al., 1984; Silver et al., 1981) . A plasmid-mediated As 3ϩ efflux pump has been shown to occur in As resistance in E.coli, and this pump also appears to provide cross resistance to Sb (Tisa et al., 1990) . Although an As pump has not been isolated in mammalian cells, there is evidence that such a system may exist. Increased As efflux was also reported in a line of As 3ϩ -resistant CHO cell variants (Wang et al., 1993; Lee et al., 1989b) . Since the CAsE cells in the present study were also tolerant to As 3ϩ , As 5ϩ , and Sb 3ϩ , it seems reasonable that the tolerant cells may have enhanced expression of the putative As efflux pump. In fact, we found that the As-tolerant CAsE cells accumulate far less As than control cells. The difference in As accumulation may be primarily due to enhanced efflux, although reduced uptake cannot be excluded. In this regard, some human tumor-cell lines that are resistant to cis-Pt through reduced uptake show crosstolerance to As 3ϩ through a similar mechanism (Naredi et al., 1995) . In any event, it appears that the biokinetics of As in tolerant cells favors accumulation of smaller amounts of As, a factor that would certainly reduce toxicity.
A toxicodynamic mechanism whereby cells enhance their ability to metabolize the more toxic inorganic arsenicals to the presumably less toxic, methylated forms could potentially induce tolerance to inorganic As. Some increase in the relative ability to methylate As appears to have occurred in CAsE cells. However, this mechanism would not account for the tolerance to DMA that occurred in concert with As 3ϩ and As 5ϩ tolerance. Furthermore this theoretical mechanism of As tolerance would place an additional burden on an already depleted SAM pool in these cells (Zhao et al., 1997) , which could induce adverse effects outside the realm of acute cytotoxicity. Since these cells are As tolerant, despite depletion of methyl donor pools, this suggests that enhanced methylation of inorganic As is not the only mechanism whereby these cells acquire tolerance. Additionally these same cells are tolerant to Cd 2ϩ , Ni 2ϩ , and cis-Pt and this tolerance would clearly not involve methylation of these inorganics. In any event, defining the role of methylation in arsenic-induced self-tolerance requires additional research.
GSH is thought to play a role in the acquisition of As tolerance in some cases. It is thought that GSH may decrease As toxicity through several means, including (1) in its role as an antioxidant; (2) in its role as a co-factor in enzymatic methylation reactions; (3) by binding As directly thereby reducing toxic potential; or (4) through enhanced efflux of an As-GSH conjugate (Huang, et al., 1993; Rosen, 1995) . There are several reports in the literature of As-resistant cells where resistance inversely correlates with intracellular GSH levels (Chang et al., 1991; Lee et al., 1989a,b) . However, there are also reports of similar resistant cell lines where there is no difference in the amount of GSH between tolerant and control cells (Wang et al., 1996) . The role of GSH in the efflux of As in mammalian cells is not clear although an As-GSH conjugate appears to be the species that is pumped out in some resistant bacteria (Rosen, 1995) . However, it is also clear that some toxic manifestations of As are totally independent of GSH levels (Ramos et al., 1995) . In the present study, As-tolerant CAsE cells did not have more intracellular GSH than controls. This does not, however, completely rule out a role for GSH in As tolerance in these cells, since rates of production and utilization may be altered independent of actual levels. More studies are needed in order to ascertain if GSH plays a role in the tolerant phenotype seen in CAsE.
Zinc pretreatment protects against the toxic effects of As in mice (Kreppel et al., 1994) . Since Zn is a very effective inducer of MT, this raises the possibility that MT may play a role in protection against As toxicity. Metallothioneins are small proteins that bind various metals and are thought to play an important role in essential metal homeostasis and toxic metal detoxification (Cherian, 1995) . MTs may also function as radical scavengers (Lazo et al., 1995; Sato and Bremner, 1993) . However, Kreppel et al. (1994) determined that tolerance to As in exposed mice was not due to MT binding the metalloid in a fashion similar to that seen in MT reduction of Cd toxicity by sequestration. They concluded that the protective effects of Zn were due to some effect other than induction of MT. Our data in general support this conclusion. Control cells pretreated with Zn 2ϩ to induce the MT protein did show a modest tolerance to As. However, the magnitude of this response was far less than expected, given the 19-fold increase in MT levels. With metals that bind to MT, like Cd, an induction of this magnitude would greatly reduce toxicity. Furthermore, other metals that effectively induce MT, like Cd, have little effect of the toxicity of As in vivo . These studies are also consistent with studies showing that the affinity of As for MT is quite low (Waalkes et al., 1984) . Furthermore, As does not induce MT in vitro (Shimizu et al., 1998) unlike Cd or Zn, which both induce and bind to the protein. In addition, our results also showed that cells that do not express the major forms of the MT (MTϪ/Ϫ cells) do not have a marked increase in the relative sensitivity to As in comparison to cells normally expressing MT (MTϩ/ϩ cells). This further suggests that MT plays a very limited role in the induction of tolerance to As. However, the hypomethylation of DNA induced by chronic low-level exposure to As 3ϩ makes the MT gene hyperinducible in these CAsE cells (Zhao et al., 1997) . Thus, although CAsE cells may express more MT with appropriate stimulation, which may account for the crosstolerance to Cd 2ϩ , and possibly cis-Pt, MT appears to have little to do with acquired or native As tolerance.
The As-tolerant cells in this study were also highly crosstolerant to Ni 2ϩ . Nickel is a redox active metal and indirect damage due to generation of reactive oxygen species is probably important in Ni 2ϩ toxicity and carcinogenesis (Kasprzak, 1991) . The resistance to Ni 2ϩ toxicity may therefore be due to a resistance to oxidative damage. The fact that the CAsE cells are highly cross-tolerant to Ni 2ϩ suggests that they may have reduced sensitivity to reactive oxygen species. Arsenic compounds may generate active oxygen species because of their metabolism (Yamanaka et al., 1991) and the genotoxicity of arsenic has been hypothesized to be mediated through reactive oxygen species. However, more studies are needed to understand the mechanism of cross-tolerance to Ni 2ϩ in As-resistant cells.
Recently Rossman et al. (1999) isolated and identified two cDNAs, asr1 and asr2, which confer As 3ϩ resistance to As 3ϩ -sensitive cell lines. One of the cDNAs, asr1, shows almost complete homology with the rat fau gene, a tumor suppressor gene which functions in the ubiquitin system to signal protein degradation. Arsenite has been previously shown to inhibit the ubiquitin-dependent proteolytic pathway (Klemperer and Pickart, 1989 ) and this has been hypothesized to contribute to its toxicity and carcinogenicity by preventing the proteolysis of important proteins . The ubiquitin system has been implicated in growth control and carcinogenesis, and therefore, may play a role in As carcinogencity. The precise nature by which this system could affect cross-tolerance to DMA, Ni, Cd, Sb, or cis-Pt, as seen in the present As-resistant cells, is unclear.
Previous studies showed that the CAsE cells have undergone malignant transformation and produce malignant, potentially metastatic, tumors upon inoculation into Nude mice (Zhao et al., 1997) . Thus, the development of As-induced malignant transformation occurs concurrently with the development of tolerance to acute As toxicity. This creates an important question as to whether or not the molecular changes involved with adaption to As are also important to the process of As carcinogenesis. The As-tolerant phenotype persisted in the present study even after tolerant cells were grown in As-free medium for a protracted period. This suggests that tolerance is a permanent, genotypic change in CAsE cells which is consistent with the persistence of the malignant transformation seen in these same cells when grown in As-free medium (Zhao et al., 1997) . Analysis of the genetic changes associated acquisition of As-induced self-tolerance and malignant transformation in these CAsE cells is currently underway, and should help substantiate any linkage between tolerance and transformation. It is quite possible that development of tolerance to As toxicity may give cells a selective growth advantage when confronted by continuing As exposure, thereby increasing their tumorigenic potential.
In summary, cells exposed to low concentrations of As 3ϩ for 18 weeks or more were resistant to the acute toxicity of inorganic arsenicals and DMA but not MMA. These cells were also cross-tolerant to Ni, Cd, Sb, and cis-Pt. The induction of tolerance may be due, in part, to an increase in metal efflux and certainly has a toxicokinetic component. However, it is likely that this is not the only mechanism responsible for the increased tolerance.
